Introduction
============

Gibbons are small apes native to the forests of Southeast, South, and East Asia. They belong to the same superfamily as humans and other great apes (Hominoidea), and their common ancestor was the first to branch off from the other hominoids roughly 16--20 Ma (e.g., [@bib31]; [@bib50]). Most gibbon species are considered "endangered" or "critically endangered" ([@bib22]), and the Hainan gibbon (*Nomascus hainanus*), with approximately 20 extant individuals, is the rarest primate in the world ([@bib38]). Despite their conservation importance and despite their distinct characteristics such as accelerated karyotype evolution (cf. [@bib40]; [@bib8]; [@bib34]) and high species diversity ([@bib36]; [@bib22]; [@bib50]), gibbons have mostly been neglected by population genetic studies. We do not have even basic data on levels of nuclear sequence diversity within or divergence between gibbon species.

There are four currently recognized gibbon genera (*Hylobates*, *Nomascus*, *Symphalangus*, and *Hoolock*), which are defined by their different karyotypes: Their diploid chromosome counts vary from 2*n* = 38--52. Overall, 17 gibbon species have been identified; however, the global taxonomy for gibbons remains very controversial ([@bib36]; [@bib34]; [@bib49]; [@bib50]). Gibbons are known for their high rates of chromosomal rearrangements, estimated to be roughly 10--20 times faster than the standard mammalian rate ([@bib34]). This accelerated rate can be seen in the large number of rearrangements separating the Hylobatidae common ancestor from other hominoids ([@bib40]; [@bib8]), the numerous rearrangements that separate different gibbon species, as well as the rearrangements that are polymorphic within a species ([@bib51]; [@bib7]). In contrast, humans and the other great apes are separated by just two interchromosomal rearrangements---a fusion of two chromosomes that formed human chromosome 2 and a reciprocal translocation that occurred on the gorilla lineage ([@bib10]). This makes gibbons a very good model to study factors responsible for chromosomal instability in primate genomes.

Previous phylogenetic and taxonomic studies have been conducted for gibbon species using different traits (i.e., vocalization, morphology, mitochondrial DNA \[mtDNA\], karyotype, etc.) but with conflicting results. Initial genetic variation studies in gibbons have focused on mtDNA (e.g., [@bib18]; [@bib48]; [@bib35]; [@bib54]; [@bib31]; [@bib50]), in part due to the difficulty in obtaining high-quality DNA samples from rare and endangered gibbon species. However, the mitochondrion makes up a very small fraction of the genome. A fuller picture of genetic diversity within and between gibbon species and the evolutionary relationships among gibbon species can only be achieved by a comprehensive study of nuclear sequence variation.

In this study, we investigate levels of nuclear genetic diversity in a panel of 19 unrelated individuals from nine different gibbon species, including representatives from all four genera. Because interspecific hybridization has been linked both to speciation and to genome reshuffling ([@bib43]; [@bib13]), we are interested in the possibility of detecting gene flow between gibbon species. Our study generated the largest autosomal genetic data set in gibbons, which was made possible, thanks to a unique sample collection of high-quality genomic DNA from captive individuals.

Materials and Methods
=====================

Specimen Identification
-----------------------

The species identification of the Hylobatidae in this study ([table 1](#tbl1){ref-type="table"}) was based on visual and auditorial examination by Alan Mootnick of the gibbons housed at the Gibbon Conservation Center (GCC) between 1976 and 2011 and the examination of Hylobatidae skins by Alan Mootnick at the following museums: American Museum of Natural History, New York; British Museum (Natural History), London; Field Museum of Natural History, Chicago; Institute of Ecology and Biological Resources, Hanoi; Harvard Museum of Comparative Zoology, Cambridge; Muséum National d\'Histoire Naturelle, Paris; Museum Zoologicum Borgoriense, Bogor; National Museum of Natural History, Washington, DC; Zoological Museum, Vietnam National University, Hanoi; and Zoological Reference Collection, National University of Singapore, Singapore. Additional criteria for determining taxonomic identification followed ([@bib16]; [@bib17]; [@bib29]; [@bib14]; [@bib36]; [@bib49]; [@bib37]). Vocalizations of live specimens were compared with [@bib30], [@bib27], [@bib28], and [@bib29].

###### 

Specimen Information.

  Symbol   Scientific name        Common name                     ISIS\#   Institution         Distribution
  -------- ---------------------- ------------------------------- -------- ------------------- -----------------------------------------------------------------------------
  NLE1     *N. leucogenys*        northern white-cheeked gibbon   NL605    GCC                 S Yunnan, N Lao PDR, NW Vietnam
  NLE2     *N. leucogenys*        northern white-cheeked gibbon   982103   Columbus Zoo        S Yunnan, N Lao PDR, NW Vietnam
  NLE3     *N. leucogenys*        northern white-cheeked gibbon   NL600    GCC                 S Yunnan, N Lao PDR, NW Vietnam
  NLE4     *N. leucogenys*        northern white-cheeked gibbon   92       Gladys Porter Zoo   S Yunnan, N Lao PDR, NW Vietnam
  NLE5     *N. leucogenys*        northern white-cheeked gibbon   NL607    GCC                 S Yunnan, N Lao PDR, NW Vietnam
  NLE6     *N leucogenys*         northern white-cheeked gibbon   NL606    GCC                 S Yunnan, N Lao PDR, NW Vietnam
  NLE7     *N. leucogenys*        northern white-cheeked gibbon   UNK      Kunming Institute   S Yunnan, N Lao PDR, NW Vietnam
  NGA1     *N. gabriellae*        southern buff-cheeked gibbon    96070    Los Angeles Zoo     S Vietnam, S Lao PDR, NE Cambodia
  NGA2     *N. gabriellae*        southern buff-cheeked gibbon    96075    Los Angeles Zoo     S Vietnam, S Lao PDR, NE Cambodia
  HLE      *Hoolock leucodenys*   eastern hoolock gibbon          HL305    GCC                 E Myanmar, SW Yunnan, NE India
  SSY      *S. syndactylus*       siamang                         SS901    GCC                 NW & C Malay Peninsula, Sumatra
  HPI1     *H. pileatus*          pileated gibbon                 HP103    GCC                 W Cambodia, SE Thailand, SW Lao PDR
  HPI2     *H. pileatus*          pileated gibbon                 8097     Gladys Porter Zoo   W Cambodia, SE Thailand, SW Lao PDR
  HAGI1    *H. agilis*            agile gibbon                    94135    Fort Wayne Zoo      Sumatra, Malay Peninsula
  HAGI2    *H. agilis*            agile gibbon                    94137    Fort Wayne Zoo      Sumatra, Malay Peninsula
  HAGI3    *H. agilis*            agile gibbon                    15353    Henry Doorly Zoo    Sumatra, Malay Peninsula
  HMO      *H. moloch*            Javan gibbon                    HMO894   GCC                 W and C Java
  HMU      *H. muelleri*          Mueller\'s gibbon               86       Gladys Porter Zoo   Borneo, except for the southwest
  HLA      *Hylobates lar*        lar gibbon                      9087     Gladys Porter Zoo   SW Yunnan, N, C, & S Thailand, SE Myanmar, C & S Malay Peninsula, N Sumatra

N[ote.]{.smallcaps}---List of the species, individuals, institution from which each sample was received and distribution of the species. Each gibbon species is abbreviated by the first letter of its genus and the two first letters of its species.

The Hylobatidae in this study that were housed at the GCC, Fort Wayne Children\'s Zoo, Gladys Porter Zoo, Henry Doorly Zoo, and Los Angeles Zoo were observed in person to confirm their identification. The northern white-cheeked gibbon at the Columbus Zoo was identified by photographs of his sire and dam housed at the Columbus Zoo. The cell line from the Kunming Institute of Zoology was a wild-born *N. leucogenys*, and this specimen\'s species identification was also confirmed by Christian Roos.

Sequencing
----------

Genomic DNA was extracted from gibbon whole blood using Gentra Puregene DNA extraction kit (distributed by Qiagen). We used about 100 ng of DNA for each long-range polymerase chain reaction (PCR) reaction. Long-range PCR products were obtained using standard protocols as suggested by Takara Bio, Inc. The specific primers used are available from the authors upon request. We pooled together the 20 different amplicons produced for each gibbon, and to assure equal representation of all the targeted regions, we normalized the PCR product based on their concentration. We thus obtained 19 different individual-specific pools, which were converted into 19 Illumina paired-end libraries following the standard Illumina protocol. To minimize the number of sequencing reactions, we used the Illumina indexing strategy and created two pools made up of ten indexed libraries each ([supplementary table S1](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online). Each of the two pools was sequenced on a single lane of the Illumina flow cell.

Estimating the Sequencing Error Rate
------------------------------------

We obtained six reference bacterial artificial chromosomes (BACs) from the gibbon genomic library that was generated using genomic DNA from one of the gibbon individual from our sample set (NLE1). We then compared the BAC sequences with the amplicon sequences generated during this study for NLE1 to estimate the Illumina sequencing error rate. We filtered the NLE1 sequences for bases that both contained an alternate allele and had \>100× coverage. Assuming a binomial distribution, we considered any alternate alleles with a *P* value \< 0.001 to be sequencing errors rather than evidence for polymorphisms. We find that these criteria often select bases with an alternate allele whose coverage ranges from 1--10×. We estimate a sequencing error rate of 0.5% per base, and our results are unchanged regardless of the inclusion or exclusion of repeats ([supplementary table S2](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online).

Generating Consensus Sequences for the 20 Amplicons
---------------------------------------------------

We implemented a simple decision tree algorithm to generate the final consensus data set for use in our study. For each gibbon and for each base, we required a minimum of 20× coverage with a minimum averaged PHRED score (cf. [@bib2]) of 20. Heterozygotes were called if the alternate allele had a coverage rate of 20% and passed the minimum averaged quality score threshold. These criteria were chosen to maximize the sequence length while minimizing the sequencing error rate. This filtering resulted in an average of 60 kb (51 kb lay outside of repeats, cf. [supplementary table S3](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online) of genomic sequence data per sample with a total of 2,578 unique single nucleotide polymorphisms (SNPs) located outside repeat regions ([supplementary tables S1](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1)and [S4](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) and [supplementary fig. S1](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online).

Divergence and Differentiation
------------------------------

To estimate divergence, we considered two measures of nucleotide diversity, *π* and *θ~w~*. *π* measures the average number of pairwise differences between any two sequences ([@bib41]; [@bib46]), whereas *θ~w~* reflects the proportion of sites that are polymorphic in the sample ([@bib53]). To account for varying sample sizes at each base position, we computed *π* and *θ~w~* for each SNP separately and normalize by the total sequence length used. We report the estimates of *π* and *θ~w~* for each genus, species, and amplicon in [supplementary table S7](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online. We calculated *F~ST~* as a measure of differentiation, or genetic distance, within our sample ([@bib26]; [@bib55]; [@bib21]). *F~ST~* is calculated as 1 − *π~w~*/*π~b~*, where *π~w~* is the average *π* for each within-population comparison and *π~b~* is the average number of pairwise differences for sequences sampled from different populations.

Estimating the Parameters of the Isolation--Migration Model Using MIMAR
-----------------------------------------------------------------------

We wanted to estimate parameters of the isolation--migration model ([supplementary fig. S2](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online; [@bib19]) for pairs of species for which we had polymorphism data (i.e., ≥2 individuals) and focused on the pair *N. leucogenys* (NLE) and *N. gabriellae* (NGA) for which we had the most data. The parameters of interest are *m*, *T*, *N~A~*, *N*~1~, and *N*~2~, where *m* is the migration rate and *T* is the time when the two populations split. *N~A~*, *N*~1~, and *N*~2~ are the effective population size for the ancestral and newly formed populations, respectively. The data set for this analysis was constructed by first discarding the NLE individual with the most missing data per amplicon and then considering only the sites with data in the remaining six NLE and two NGA gibbon individuals. The final data set consisted of 16 amplicons of ∼2.5 kb each (for a total of ∼40 kb) and 540 SNPs ([supplementary table S5](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online).

To estimate the parameters of the isolation--migration model between NLE and NGA, we applied a modified version of MIMAR to our data set (MIMAR_noanc version 03/19/2010, available at <http://przeworski.uchicago.edu/cbecquet/download.html>; [@bib2]). MIMAR uses Markov chain Monte Carlo to estimate the posterior distributions of the parameters from polymorphism data sampled in two recently diverged species at multiple recombining genomic regions. More specifically, MIMAR relies on summaries of the polymorphisms that we calculated for the amplicons: the number of polymorphisms unique to the samples from populations 1 and 2 (S~1~ and S~2~, respectively) and the number of shared and fixed polymorphisms between the two population samples (S~s~ and S~f~). In addition, we specified the number of sites with data, L, and the inheritance scalar (1 for autosomal and 3/4 for X linked) for each amplicon. To allow for mutation rate variation, we also specified a mutation rate scalar for each amplicon to the ratio of observed and expected divergence with a human sequence (for details, see [@bib2]). We considered the population recombination rate as a nuisance parameter: that is, at each MCMC step and for each amplicon, the ratio *c*/μ is sampled from an exponential prior with mean 0.6. *c* is the generational crossover rate per base pair (assuming the genomic average *c* = 1.2 × 10^−8^, cf. [@bib23]), and μ is the assumed mutation rate per base pair per generation (*μ* = 1 × 10^−8^, cf. [@bib44]; [@bib1]). With this parameterization, the amplicon-specific population recombination rate is calculated by *vq*~1~(*L* − 1) × *c*/μ, where *q*~1~ = 4*N*~1~*μ* is the value of the population mutation rate per base pair for the MCMC step and *v* = *w(L~t~* − 1)/(*L* − 1) is the recombination scalar specified for the amplicon. *w* is 1 or ½ for an autosomal or X-linked amplicon, and *L~t~* is the total length of the locus before filtering out gaps and missing data.

We ran MIMAR with two different seeds and varied the number of burn-ins and the width of the uniform priors on the parameters to assure convergence of the algorithm. We used the mode of the smoothed marginal posterior distributions estimated by MIMAR as our point estimates of the isolation--migration parameters. We assumed 10 years per generation and *μ* = 1 × 10^−8^ to rescale the time of divergence in years and obtained estimates of the effective populations sizes. To test whether the model estimated by MIMAR provides an adequate fit to the data, we used the posterior predictive probabilities as described in [@bib2], [@bib3]. Specifically, we calculated the sums over the 16 amplicons of S~1~, S~2~, S~s~, S~f~, as well as the means of *F~ST~* and *π* and Tajima\'s D ([@bib47]) in each species. To gauge how well the estimated isolation--migration model fits the "observed" data, we calculated the sums or means of these statistics for 10,000 data sets of 16 amplicons simulated by sampling the parameters of the isolation--migration model from the posterior distributions estimated by MIMAR. We calculated the probability of obtaining the "observed" statistic or a more extreme value from the distributions of these statistics expected under the estimated model. Because some of the statistics are discrete, we calculated the randomized probabilities, *P*^R^, as described by [@bib3] and used these Bayesian posterior predictive *P* values as we would regular *P* values, conservatively considering the model to be a poor fit if the observed value of a statistic falls in the 2.5th percentile tails of the distribution ([@bib33]). Results are shown in [supplementary figure S5](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) ([Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online). In general, the model provides a reasonable fit to the data.

Results
=======

We used long-range PCR to amplify 20 genomic regions in a panel of 19 individuals, followed by Illumina multiplex sequencing (see Methods). See [table 1](#tbl1){ref-type="table"} for description of the gibbons used for analysis. After quality control filters, we obtained an average of 60 kb of sequence from each sample ([supplementary table S1](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) and [S4](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online).

High Genetic Diversity in Gibbon Species
----------------------------------------

We measured nucleotide diversity for each species using *π* ([@bib41]; [@bib46]) and *θ~w~* ([@bib53]), two standard estimators of the population mutation rate ([fig. 1*A*](#fig1){ref-type="fig"} and [supplementary table S7](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online). We observed high levels of nucleotide diversity in *Nomascus* and *Hylobates* species (*π* ranging from 0.23% to 0.26% and 0.24% to 0.47%, respectively) comparable to what has been observed in Bornean (*π* = 0.27%) and Sumatran (*π* = 0.35%) Orangutans, the most diverse of the great apes ([@bib12]). The levels of diversity from *Symphalangus syndactylus* and *Hoolock leuconedys* were a little lower (*π* = 0.15% and 0.19%), more in line with levels of diversity observed in Chimpanzees and Gorillas ([@bib12]), but still higher than levels of genetic diversity in human populations (e.g., [@bib52]). Estimates of the effective population size (*N~e~*) for gibbon species range from 37,500 to 117,500, somewhat larger than comparable estimates for humans and great apes.

![(*A*) Estimates of *π* (left) and *θ~w~* (right) averaged across all amplicons. N and H denote all *Nomascus* and *Hylobates* individuals, respectively. (*B*) Phylogenetic dendrogram of the nine species used in our study. See [table 1](#tbl1){ref-type="table"} for a list of species abbreviations used. (*C--D*) The phylogenetic relationships between species for two different amplicons.](molbiolevolmsr033f01_4c){#fig1}

Low Levels of Genetic Differentiation between Gibbon Species
------------------------------------------------------------

We quantified genetic differentiation between species and genera using *F~ST~*, which measures allele frequency differences between two sets of samples, and *π~b~*, the expected sequence divergence between single sequences from two species ([@bib26]; [@bib55]; [@bib21] and see [@bib20] for a review of *F~ST~*). We observed high levels of differentiation between gibbon genera (mean *F~ST~* = 0.80 and mean *π~b~* = 1.50%, cf. [table 2](#tbl2){ref-type="table"}) similar to the levels of divergence between humans and chimpanzees (*F~ST~* = 0.89 and *π~b~* = 1.19%, cf. [@bib12]). This is consistent with estimates of divergence between gibbon genera (7--8 Ma, cf. [@bib31]; [@bib50]) that are slightly older than estimates of the human--chimpanzee divergence time (5--7 Ma, e.g., [@bib15]; [@bib24]). In contrast, we observed low levels of differentiation between gibbon species within the same genus, especially among some of the *Hylobates* species (see [fig. 2](#fig2){ref-type="fig"} and [table 2](#tbl2){ref-type="table"}). For example, *F~ST~* = 0.18 between *Hylobates agilis* and *H. muelleri* (95% confidence interval \[CI\]: 0.10--0.25) and *F~ST~* = −0.10 between *H. moloch* and *H. muelleri* (i.e., no evidence for any genetic differentiation between the two samples). CIs based on bootstrap resampling ([supplementary table S8](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online) suggest that these low *F~ST~* values are not just the result of small sample size but rather reflect the genetic similarity between species. For comparison, these values are smaller than published estimates of *F~ST~* between Eastern and Western chimpanzees (0.32, cf. [@bib12]) and between different human populations (0.28 between San and Melanesians, cf. [@bib52]). This suggests that divergence between species within a genus is recent and/or that there has been ongoing gene flow between species.

![Comparative illustration of *F~ST~* (a measure of differentiation) for gibbons and other primates. The HMO--HMU comparison was rounded up to 0.](molbiolevolmsr033f02_4c){#fig2}

###### 

Estimates of Averaged *F~ST~* and *π~b~* (above and below the diagonal, respectively) for All Pairwise Comparisons.

  ----------------------------------
  ![](molbiolevolmsr033fx1_ht.jpg)
  ----------------------------------

Incomplete Lineage Sorting Among Gibbon Species
-----------------------------------------------

We used a unweighted pair group method with arithmetic mean clustering algorithm implemented by the program PHYLIP to generate phylogenetic trees for the whole data as well as for each amplicon separately ([@bib11]) ([figs. 1*B*](#fig1){ref-type="fig"} and [supplementary fig. S3](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online). Although each genus is consistently monophyletic, the relative ordering of the four genera changes depending on which amplicon is analyzed (see [fig. 1*C* and *D*](#fig1){ref-type="fig"}). Furthermore, the genealogical relationships of species within the same genus vary from region to region, and both *N. leucogenys* and *H. agilis* are not consistently monophyletic. This pattern is not particularly surprising, given the conflicting phylogenies previously published for gibbons (e.g., [@bib40]; [@bib48]; [@bib50]).

Phylogenies that are inconsistent across different genomic regions, sometimes referred to as incomplete lineage sorting, result when species have recent split times, moderate levels of gene flow, and/or large *N~e~* values. In the absence of natural selection, the average time from the introduction of a neutral mutation to its fixation is 4*N~e~g*, where *g* is the average generation time (e.g., [@bib9]). Split times that are near 4*N~e~g* years ago or more recent will often lead to incomplete lineage sorting because there will be a substantial number of polymorphisms shared across species. Older split times, coupled with recurrent gene flow, can also lead to the same result.

Gene Flow Detected between Gibbon Species
-----------------------------------------

To assess the possibility of gene flow between closely related gibbon species, we estimated demographic parameters using a modified version of the program MIMAR ([@bib2]; see Methods). MIMAR is a Markov chain Monte Carlo--based approach to estimating parameters of a simple isolation--migration model ([supplementary fig. S2](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online) that is widely used in population genetics (e.g., [@bib42]; [@bib19]). We applied this method to the *N. leucogenys* and *N. gabriellae* data, the only pair of closely related species with a sample size large enough for our analyses. The two *Nomascus* species share 28.5% of their single nucleotide polymorphisms, which suggests some degree of shared history between the two. MIMAR estimates a split time of approximately 6 Ma (95% credibility interval: 2.8--11.1 Ma; see [supplementary table S6](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) and [supplementary figs. S4](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) and [S5](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online), somewhat older than previous divergence time estimates obtained from mtDNA data (e.g., [@bib50]) and a large ancestral population size with mode 892,000 (95% credibility interval: 165,000--923,000). Only part of this difference can be explained by different assumptions regarding the mutation rate *μ*. More interestingly, the estimate of the scaled migration rate is *M* = 0.44 (95% credibility interval: 0.26--0.80) equivalent to a rate of about one migrant every two generations. Because we can strongly reject a model with no migration (i.e., *M* = 0), we conclude that the observed genetic similarity between *N. leucogenys* and *N. gabriellae* is due to ongoing or episodic gene flow between the two species.

Discussion
==========

Our goal in this study was to investigate levels of genetic variation and differentiation in gibbon species. Previous studies of DNA sequence variation in gibbons have generally focused on small (generally 1 kb or less) subsets of mtDNA (e.g., [@bib48]; [@bib35]; [@bib54]; [@bib49]; [@bib50]). The ability of these studies to make robust conclusions about population history is compromised because the mitochondrion forms a single linkage group, influenced both by chance and by natural selection. The best way to learn about population history in any species is to systematically assess genetic variation across many (unlinked) regions of the genome. Our study of roughly 60 kb of sequence from a panel of 19 gibbon individuals and nine different species is a first step toward that goal. Though modest in size by today\'s standards, our data were still sufficient to make several key observations---that levels of diversity within species are generally high (relative to other apes), that levels of differentiation between species are often low, and that much more data will be needed to accurately ascertain the phylogenetic relationships between all gibbon species. We discuss the implications of the observations in greater detail below.

Although the primary focus of our study was not on the evolutionary relationships between different gibbon species, our result of discordant phylogenies from different genomic regions suggests that the previously published mtDNA-based gibbon phylogenies must be considered provisional. Due to incomplete lineage sorting, the "gene tree" differs from one genomic region to another. The true phylogenetic or species tree can only be obtained by combining information from hundreds (or thousands) of separate gene trees. This is especially true for sorting out the branching order for the four gibbon genera because all four taxa seem to have diverged at roughly the same time.

We also observed low levels of differentiation between gibbon species within the same genus (as measured by *F~ST~*) and estimated substantial gene flow between *N. leucogenys* and *N. gabriellae*. Migration rates were estimated under a simple isolation--migration model, which assumes a constant symmetric migration rate after the initial split into two daughter populations (see [supplementary fig. S2](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) online). Biogeographic evidence suggests that this migration may have been episodic instead. Throughout the Pliocene and Pleistocene, gibbons' forest habitats alternatingly expanded and contracted as periodic glaciations led to dramatic changes in climate and sea levels (e.g., [@bib39]; [@bib32]). This may have led to a cycle of isolation followed by secondary contact for different gibbon populations, which might explain the nonzero migration rates that we estimate. We also note that hybridization between diverged populations may contribute to genome instability ([@bib13]; [@bib4]), which provides an intriguing possible explanation for the high rate of chromosomal rearrangements in gibbons.

The accelerated rate of chromosomal rearrangements in gibbons is difficult to explain---at present, we do not know if it is a result of a higher (rearrangement) mutation rate within gibbons, a higher fixation rate of segregating rearrangements within gibbons, or both. A priori, one might expect most rearrangements to be deleterious either due to direct disruption of coding or regulatory sequences or due to reduced fertility in heterokaryotypic matings (because single crossovers can lead to unbalanced gametes). Because of this purifying selection, it has been suggested that chromosomal rearrangements are more likely to fix in species with small effective population sizes (*N~e~*) because the effects of genetic drift (relative to selection) will be stronger (e.g., [@bib5]). The observation of high levels of genetic variation in gibbon species, and thus large *N~e~* values, implies that the accelerated rate of chromosomal rearrangements in gibbons cannot be explained by enhanced genetic drift of slightly deleterious rearrangements. Because there is no a priori reason to believe that selection coefficients for chromosomal rearrangements are different for gibbons than they are for other mammals, we posit that the rate at which new chromosomal rearrangements arise is higher in gibbons than in other mammals. This hypothesis is supported by recent observations about the unique molecular and epigenetic structure of gibbon chromosomal breakpoints ([@bib6]).

In conclusion, we present here the first evolutionary analysis of gibbon species based on genomic data. We were able to detect gene flow and observe high genetic diversity. Thanks to the lowering costs of sequencing, we plan to extend these observations by gathering whole-genome sequencing data on more unrelated individuals. The main hurdle for population genetic projects on endangered species, as gibbons, is the availability of DNA samples from enough unrelated individuals. We are exploring whether this obstacle can be overcome by using whole-genome amplification of low-quality DNA accessible with less-invasive approaches (hair, feces, and museum skins).

Supplementary Material
======================

[Supplementary tables S1](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1)--[S8](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) and [supplementary figs. S1](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1)--[S5](http://mbe.oxfordjournals.org/cgi/content/full/msr033/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>).
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